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INTRODUCTION

The determination of electron densities in the middle atmosphere
(10-90 km) is important per se because of the impact on communication
systems, and indirectly as an important component in the determination of
upper atmosphere chemistry.ls2 The exact specification of n, in ionosphere
models has been a problem for altitudes below 70 km. since most validated
diagnostics do not function well with electron densities below 103 cm_3.3’4
There have been a number of reported efforts which involve comparisons of

electron density indications in this altitude range from more than omne

diagnostic with data taken s:lmultaneously.l"8 However, the results have

shown significant differences when the data are reduced by standard analy-es.

These analyses of diagﬁostic interactions generally are based on concepts
developed in tandem with diagnostic hardware. In many cases, there reallv
has been no controlled verification of a given ionospheric diagnostic
technique, so it is not surprising if there are differences evident in
predicted composition. In fact, it is the intercomparison of reduced data
from diagnostics that will provide the most valuable test of accuracy.9
This work will focus on the definition of accuracy and resolution of
electron density by a number of difféfent diagnostics. An earlier report10

had concentrated on the application of a new analysis of electron collection

by blunt probes to data which was taken simultaneously with other diagnostics.

One set of tests used a partial reflection sounder and other tests used
several rocket borne diagnostics. Reasonably good agreement was indicated

in these comparisons, but there were differences. One of these differences

was accounted for by corrections in number densities derived from WSMR
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partial reflection measurements; these were included in a later reporting.Il

The tests that were evaluated were carried out in 1972, 1975 and 1977, while
the comparisons in electron density indications were made in 1979--well
after the tests. Upon summarizing these intercomparison studies, it became
evident that only by conducting experiments with comparisons in mind before
the program schedules were set could optimum intercomparison of data be
anticipated. The 197¢ US-Canada Solar Eclipse Program provided such a
campaign within which to conduct needed electron density comparisons. The
impetus for an intercomparison effort, and indeed the work being reported
here, was generated by R. Olsen of ASL, WSMR. The thrust of the work to

be presented here will be directed toward improving the accuracy of analysis
of data from a number of probes which were used on that program: blunt
probes; nose tip (supersonic) Langmuir probes: impedance probes; and partial
reflection sounders. The schedules of a number of rocket firings during

the 1979 Solar Eclipse were organized to allow blunt probe and Gerdien probe
launches to coincide with those of related impedance probe, tip probe, and
spherical particle cellector probe launches. This work will be directed

to defining the most exact analyses of data from several of these rocket
borne probes such that reduction of Solar Eclipse data can be accomplished
with the most accurate procedures. Efforts will focus on subsonic blunt
probes, supersonic tip Langmuir probes, outgas effects on impedance probes,

and shock or compression effects on composition sampled by supersonic probes.




ELECTRON DENSITY DETERMINATION FROM CURRENTS
COLLECTED BY SUBSONIC BLUNT PROBES

An earlier study of blunt probe particle collection which resulted in
the prediction of electron density prof:i.les,lo’ll exclusively utilized a
technique of determining ne from conductivity, o_, which is proportional
to dI/dV, the experimentally determined current-voltage slope. As noted in
those works, however, it is possible to apply a new analy51312 of the
particle collection to derive electron densities directly from currents
collected at specific voltages, for a given probe shape at a given altitude.
That technique will be applied here to data that was gathered with two
different types of probes: subsonic blunt probes and supersonic nose tip
probes with approximately conical shape. As in the earlier work, the
indications of electron density that are derived will be compared with those
deduced from conductivity and with those from other diagnostics.

For the subsonic blunt probe, several new pieces of information can bhe
added to the present understanding. First, it will be noted that the

*>” which gathers electron

standard procedure adopted by the Illinois group
saturation currents by biasing the tip electrode at a constant 2.7 V, is
to "calibrate" the probe on a given.launch by matching the current to an
electron density at one altitude. The variation of electron density with
altitude is thus implied by the variation of electron saturation current.
As noted in an earlier work, this may have some validity at higher (>70 km)
altitudes, but the procedure leads to questionable implications of n, at

lower altitudes because of inter-particle collision effects on collection,

along with shock wave and electron reattachment effects. These effects

have not been specifically calculated for any such probe.




Again, accepting the fact that tip probe data has traditionally been
presented as Ie (current at 2.7 V) and blunt probe data has traditionally
been presented as O_ (dI/dV), it is of interest to evaluate and to graph
subsonic blunt probe electron saturation currents to compare with simulta-
neous supersonic tip probe currents. This comparison has been able to be
carried out with data that was gathered by Hale (Penn State University)
simultaneously with measurements taken by the Illinois group during the
Winter Anomaly campaign. Data was available for January 31, 1972 and
December 5, 1972. For the Super Arcas configuration, where a (probe radius)=
3.65 cm, the currents collected by the blunt probe were evaluated at Vp=2 v,
and were graphed in the Illinois fashion, i.e., "calibrated” by relating the
current to electron density at a given altitude. On Figure 1, data from
January 31, 1972 are presented; Illinois data are as published, where the tip
probe data are calibrated by the use of Faraday rotation and/or differential
absorption rocket-borne techniques. For reference, o, indicaticns determined
from the 0. reduction are shown. Since currents from the blunt probe
a 2 V were not available at altitudes higher than 65 km, the current was
"calibratea" to the Illinois current at that point. Based only on the
comparison of Ie (blunt) and n, (0_), there are no great disparities in the
relative variation with altitude. This same procedure was carried cut for
the data available from December 5, 1972; this is presented in Figure 2,

In this instance, it was possible to "calibrate" the blunt probe current at
the highest altitude (74 km) with density from more accurate rocket instru-
ments. Generally speaking, the agreements with Illinois Ie is good from

74 km down to 60 km where it ends. It is worth noting that the unique

reversal in n, at 64 km on this shot is mirrored on both blunt and tip
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probes. From the above, it ra. pe concluded that there is little apparent
difference ot Ie variation provided by supersonic tip probes and subsonic
blunt probes at altitudes above 60 km.

With the electron saturation current at a given voltage categorized
for the blunt probe, it is now of Interest to determine the electron density
based on Ie at V#data. For the blunt probe, this is straightforward, as the
relevant ecuations had already been established.!® 12 For the twe dave
noted above, the appropriate equations and reduced elcctron densities, nt,,zn
also presented in Figures 1 and 2. It will be emphasized at this point, <:a°
the n, indications are carried out without any correction or calibration:
there is no lateral shift to effect agreement. The n, values in these
figures exhibit the same order of magnitude as those from other diagnostics;
the relative variations are also similar. One very interesting aspect of
these comparisons can be noted here: for December 5, 1972 the Ie indications-
are less than O_ indications of ne, while for January 31, 1972 the It indi-
cations are greater than ¢_ indication of - One difference between 7
indications and 0O_ indications is that Ie can be perturbed bv loca! f fielcgs
or any variation o vehircle potential from reference potential. Accerdinglv,
such potential or fi.ld differences can be evaluated on that hasis.

These same procedures can be applied to data taken with a Loki-Dart
sized blunt probe, where a (p-obe radius) =2.08 cm, at White Sands Missile
Range (WSMR) on two different days. As was done earlier, the Hlunt probe
indications of n_, can be compared with partial reflection data. Partial
reflection and n, derived from c_ can be considered reference data in
Figures 3 and 4. Eilectron current collected with Vp = 2 V is graphed in

these figures with a "calibration” point chosen at highest altitude.
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Electron densities determined by exact formula, without lateral shaft, are
also presented in the figures. As for the data presented from Wallops
Island during 1972, there are similar orders of magnitude and variatioms
with altitude from all diagnostic techniques and procedures. Also, as
above, the 1977 day shou;ne from Ie below n, from o_, while the 1975 day
shows n, from Ie almost exactlv the same as n, from o_ for 48-60 km. This,

again, could be caused by potential shifts or local fielgd effects.

LECTRON DENSITIES DETERMINED FROM SUPERSONIC T1IP
DATA--COMPRESSION AND ELECTRON ATTACHMENT EFFECTS
The above comparisons were based on published information and subsonic

blunt probe data which had been shown in an earlier work to be somewhat
comparable. However, one of the most important tests of the analysis of
data from electron collecting probes must come from different geometry
probes, flown by different investigators. Evaluation of such data to deter-
mine n,» and the comparison of n, with that already presented would be
important in establishing the universality of any technique. Fortunately,
raw data gathered by the Illinois group using supersonic nose tip Langmuir
probes during the 1972 days at Wallops Island were available. This data was
retrieved and provided by L. Smith. Also, the detailed geometrv »f the tirp
collector was specified as being an ogive with height (base to tip) of 1.5 in.,
base diameter of 1.082 in. and an arc radius of curvature of 3.209 in. While
calculations can be carried out with reasonable accuracy presuming a conical
shape instead of an ogival shape, in this work a further approximation was
made: the ogive was represented by a hemisphere of equivalent area. A hemi-

sphere of radius 1.42 in. would have equal area with the Illinois ogive.

14
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Following estabiished procedures, the electron flux collected by a hemi-

sphere can be written

2

2nr2 - n

M VpB ° B . Zﬂ(rp + Aen)

G

where LI is the undisturbed electron density, is the saturation velocity

VDB

at v

g Tp = 5 rp(Ew/p) is the radius for saturation flux, n, is the electron

density at one mean free path, Aen’ from the collector surface, ¢ is the
electron thermal velocity, and rp is the radius of the hemispherical
collector (probe) surface. Incorporating this into a formulation for curren®

collected by the probe,

_ 1
Ie = e[& n,

- 2
cl(2nr’)
¢ o
results in the following formula for electron density for rp = 1,81 cm,

vV = 2.7 V:
p

~ 10 2
Do = (2.72 x 10 )Ie(A)p(mm Hg) (1 + Aen/rp)

When appropriate data were substituted into the above formula, the values

of electron densities were calculated in a straightforward manner. These
electron densities are indicated in Figures 5 and 6 (by the notatiop ”Ne’row
Supersonic Tip Probe); generally these values are higher at higher altitule
and lower than other diagnostics at lower altitude. At altitude above 60 km,
the rate of change of n, is in reasonable agreement with that derived from
other diagnostics. Before proceeding with further calculations, it sheould
be noted that the analvtical formula above 1is sensitive to the model choser

for AX’ the collection area at A from the probe surface., However, using

a consistent approach, an alternative approximation with cvlindrical share

15
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gave the same numerical results. Accepting the above form as reasonable,
further analyses will proceed.

There are two effects that must receive attention in the reduction of
supersonic collection data: (1) the compression effects of shock waves
about the collecting shape, and (2) the alteration of plasma chemistry by

the shock wave event. Both of these effects are dependent upon the vehicle

V4
(24

tra‘ectory (Mach number). will be reiterated that an earlier report*
identifiel a numher of references which established the magnitude and exter:
0of shock-tvoe compressions un to 100 km. Further, it can be roted that th«
electron collection processes generate particle flux to the surface at

will be well outside any

radius, r which is far from the surface;

B’ g

shock or compression region. However, kinetic flux to the surface at FQn
will be proportionally altered by the shock or compression effects. A
simple, linear aporecach allows the compression effects £ »e compensated

for in a sequential manner. In order tc evaluate the magnitude of these two
effects on electron dersity, approximate calculations were carvied out.
Firss., hased on trajectoryv information supplled by Tllinols, Mach numbers
wore evaluated as a function of altitude. Or lanuvary 31, 1972, flight Mach
number was about 5.2 for 50-80Q km:; on December 5, 1972, flight Mach number
was about 4.9 for 50-8C km. For the ogive shape used, the half-cone angle
of 30° is indicated13 to result in a shock wave angle ©of about 35°. By
standard procedures, the density ratio across the shock wave is PZ/P1 T 4
and TZ/Tl ~ 2.7. Directly, this means that the density of particles with-
in the shock cone would be raised bv a factor of 4; to recover densities

in the ambient mediwn, it is appropriate to divide the indicated electron

densities by this factor of 4. The primary values of electron density noted

3
!
|
|
{




above were adjusted first for shock compression effects, and these are
noted in Figures 5 and 6 by arrows indicating the adjustment. 1t can be
seen that this calculation procedure results in values that are in very close
agreement with those of other diagnostics for altitudes between 80 and 60 km.
Below 60 km, the electron densities reduced by including shock compression
effects are substantially lower than those derived from subsoniec blunt probes.
A second major correction effect to the supersonic nose-~tip Langmuir
probe data must be considered at lower altitudes. The presence of a strong
compression region in front of the collector can result in substantial
electron loss through enhanced reattachment of the electrons. Specifically,
electron loss mechanisms were reviewed by both Mitchelllb and Heaps,IS and
the dominance of loss by attachment was identified. The simplest model that

can describe attachment is written

where R is the attachment rate coefficient derived from the twe react ons

2 2 2
; + + e T+
and O2 02 e 02 02
to be
-2? - 2 -3
=l x 1077 (e (0001 1o 17 4 307 Mo 10y,
In the above, [ ] refers to the number densitv of the species in the vare-
thesis. Integration of the equaticen for n, gives
-ft
n =n e
e €eo
19
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where n, is the electron density behind the shock wave after chemical
reaction involving incoming flow has taken place while o, would be the
density behind the shock waves presuming no chemical reaction (reattachment).
The characteristic time zvailable for reattachment can be evaluated by con-
sidering the average speed of particles behind the shock and the average

distance traveled before collection;

t v ad/V=1 cm/lOa cm sec‘l = 10—4 sec .

Accordingly, the effects of reattachment are included bv using the shock
adjusted values of ne noted above, and appropriate R, t values to calculate
n,- It should also be noted that the value of £ that was used is different
from that appropriate for ambient conditions, since the shock compression
and heating alter the densitv and temperature values and also B. TFurther,
there is scme confecture regarding “he correct attachment rates in the light

of available information.ls

Specifically, Heaps15 notes that attachment
rates about two orders of magnitude higher than standard rates are necessary
to allow his computational model to e in reasonable agreement with change«
noted during an eclimse. Tn fact, this same tvpe of behavior is consistent
w.th wpersonlc tip probe data: if an attachnment rate is chosen which is
a factor oY 15 higher than stardard, there is good agreement between subsonic:
‘unt nrohe . and supersonic *ip nrobe n, at all altitudes helow AT km.
The appropriate data points are shown in Figures 5 and 6, designated with

a4 second arrow shift to higher values to correct for electron attachment.

20
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Based on all of the above considerations, it is of interest to compare
the most accurate indications of ng from blunt probe o_, with n, from Illinois
nose~-tip Ie data, and Illinois Faraday rotation and differential absorption
points above 70 km. These are shown in Figures 7 and 8. While Figure 8 shows
good agreement at all altitudes, this was an abnormal day. Figure 7 shows tip

probe indications of n, from I, below 60 km to be lower than blunt probe n

e e

for o_; it is felt that the blunt probe technique and analysis is most
accurate here., However, above 60 km, the blunt probe indications of ng from
o_ are significantly lower than other diagnostics. Blunt probe methods above
65 km are approximate, and it is possible that these lower indicated densities
are due to the approximate method of analysis used. These will be further

explored in the future.

OUTGAS PERTURBATIONS OF MEDIUM SURROUNDING ROCKET BORNE PROBES

The primary concern in this work is with the intercomparison of electron
density indicative diagnostics in the middle atmosphere. Particle collecting
subsonic blunt probes and supersonic tip probes have been given detailed con-
sideration, and the results of analyzing their data have been compared with
other diagnostics. Generally speaking, those diagnostics are not sensitive
to the presence of outgas material, since thev function as collisional
particle collectors and the mobility of electrons in outgas species would
not generally inhibit collection. However, there are diagnostics that could
be sensitive to the presence of outgas species, and so it is important to

categorize the amount of outgas and the spatial distribution of outgas
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materials. In particular, one of the most important diagnostics for

intercomparison purposes uses RF probe techniques.7

The theory of these
diagnostics has shown a dependence on electron collision frequency, and so
consideration of outgas effects will be directed to that application. The
work to be presented in this section will be a condensation of work that was

informally reported earlier.16

5 -
‘

0f rarticular Interest here is the renorted observation bv Kendall™
that, under the conditions of explosive decompression of the atmosphere
surrounding a rocket-borre ionosphere probe, the rate of outegassing from tho
probe appears to be orders of magnitude larger than previousiwv anticipated.
18

Standard estimates  of outgas effects use rates that are more representa-
tive of conditions after pumping periods of hours or hundreds of hours.
Accordingly, the composition of the gases near the surface of rocket-launched
probes with a flight period of 5 to 10 minutes can be expected to be
significantly different from earlier estimates. Since the gas desorbed bv
probe components is primarily water vapor, a natural component of the 1o~
sphere whose density and chemical role is not well understood, anv such
species contamination is of considerable interest.

An attempt will be made here to estimate order-of-magnitude valnes °
+he water vavor densirtyv profiles neér a desorbing probe surface sc as ‘o
establish the extent of any distortion of ambient gas composition by *te
probe itself. The variation of concentration as a function of distance frow
a plane, outgassing surface will be considered.

The problem of determining the distribution of outgassing molecules
near a solid-gas boundary involves consideration of the mass transfer at the

boundary and the subsequent species diffusion: it possesses some similarity
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20
to the problem of evaporation19 (liquid-gas) and ablation (solid-liquid~

R 2

gas) in high temperature flows. The analysis of those two problems involves
a coupling between mass and energy transfer, along with the required momentun
balance in the situation with flow. The constraint normally applied at the

boundary with the gas is the specification of equilibrium between the

injected gas species (A) and the original gases present, i.¢., the partial
nressure of species A is the vapor pressure corresponding to the mixture
pressure and temperature. Such a boundary condition is not meaningful ir
the outgas situation where the rate of molecules being introduced at the
solid-gas surface is controlled by the mechanism of pressure imhalance

between the surrounding gases and the adsorbed species, and is significantl+

R e o P St aa i b S e

influenced by the local surface physics.

A review of current understanding of the mechanisms involved in out-
. 21 . : .
gassing is presented by Santeler et al. Briefly, a gas mixture in contact
with a solid surface will, after a long period of time, reach a staite of
equilibrium where the amount of gas striking and adhering tc the surface
will equal the amount of gas leaving the surface. Absorption (eurface) anc -

absorption (volume) equilibrium will be reached. One possible model for the

s determination of surface partial pressure, while clearlv approximate, mav
serve to indicate the surface-gas interaction in the outgas process.
In explosive decompression it may be assumed that loss of surface
particles from adsorption will occur first. Accordinglv, q, (0), the efflux
'
. 2 .
of molecules (torr-liter/cm -sec) from the surface at t = 0 can be written

as

wn

(¢}

¢, (0) = == = aP (3.638) V/T/MW
L T o}

=




where So = quantity (number of molecules) of gas residing in a monolaver
on the surface
TR = residence time of molecules in a monolaver on the surface

(10 - 100 layers), sec
a = sticking fraction for molecules impinging on the surface

Po = partial pressure of vapor in equilibrium at t = 0, torr

=]
fl

temperature, °K

M = molecular weight of the gas, gm/em-mole

The above equation relates atomic surface properties (FC, - oY with gac
properties (PO, T, MW). It is presumed that these (material) surface

properties can be determined. Further, after the initiation of descrption,

if it is assumed that the outgassed molecules will be lest at such = rate

so as to establish a quasi-steady equilibrium with the wall, then

. qL(t) = R = P(3.638) VI/Mn .

This provides a nossible scheme for determining the effective near-surfa:-«
partial pressure (P) of the outgassecd species as a function of time. W= 1.
the accuracy of the above procedure clearly rests upon a precise knowledre
of surface properties, it does serve to emphasize the relative indevenderce
i cf the surface boundary condition from either diffusicn and/or flow eSfccta,

Models which preserve the dominance of such effects will now be examined.

TRANSIENT DIFFUSION INTO A SEMI-INFINITE MEDI'™

The physical problem being considered “nvolves a solid with adscorbed

gas being subjected to z surrounding gas pressure which will “e lecreases




from sea level atmosphere to effective vacuum over approximately a three-
minute time period. The dynamic development of water vapor concentration
profiles will be determined in a model where a plane solid is subjected to

a vacuum AP increment at t = 0. The analysis of such a system is similar

to that for evaporation of a liquid in a tube of infinite length19 with 1-D
diffusion. The basic solution is carried out for the case where the gas is
maintained at constant pressure and temperature after initiation (t = 0).
The solution is carried out in terms of dimensionless variables, as there ‘s

no characteristic length to be defined. With zero outgas concentration at

t = 0 and z (normal distance) = ®, the variation of outgassed species, is
given by
% = 1 - erf(Z - ¢) (1
1 + erf ¢
X = = =0
where X xA/xAO, X400 XA(z )

5 -1/2

Z = z(loDAB t) , z = distance from solid-gas interface
C 0
X = _é., C, = — (EQLS)
A c A Mw 3
A cm
& o= 1 v
¢ 1/C t/DAB NAo

mixture concentration [C = p/RT = po/MW (moles/cm3)]

(@]
!

t = time (seconds)
D = coefficient of mutual diffusion
. 2
N, = flux of particles at z = 0 (gm-moles/cm -sec)
Thus, with a formula for DAB’

w’1ll allow evaluation of ¢; accordingly, the profile of XA/XA0 can be

specification of p, T, z, t, NAO (outgas flux)

determined. However, since no boundary condition or composition has been

specified, both XA(z,t) and XAo(t) are unknown.
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It should be noted that in the form presented above, the solution is
exact only for small values of XA i.e., where outgas species A is diffusing
through a background species, B. 1In order to place the solution in
perspective, one calculation of interest involves the determination of the
distance from the wall within which 90 percent of the outgas mass is

contained i.e., where XA/XA0 = 0.1; for convenience, we call this distance

z(0.1). As a simplifving assumption, a linear varlation of composition is
utilized in some integrations to arrive at a closed form expreccior,
N
1/2 Ay
z(0.1) = 2.3 VBAB t + 2 < t

Following Bird, Steward, and Lightfoot,19

T3/2

(cmz) - z(_l_(_) 3/2 { 1 + 1,1/2
\ J 2 . J
AR ‘sec 3t 2mA 2mB P(dA + dB/2)2
2 2 -8 3
so at 50 km, DAB = 4.1 x 10" cm /sec, and C(50 km) = 3.5 x 10 gm-mole/cm,

Using the outgas rate indicated by Kendalll7(worst case, anodized aluminum)

Ny = 1.7 x 10—8 gm—moles/cmz-sec, then for
o
-2
t =10 sec , z(0.1) = 4.6 em
t =1 sec , - 2z(0.1) = 48 cm

Diffusion of outgas species will proceed to a steady state distribution in

a time period short compared with the characteristic time of the local
probing event (v 1 sec). Altermatively, it can be stated that the diffusicn
length scale will considerably exceed the scale of the probe geometrv.
Accordingly, in the present case the diffusion can be treated as steady
state and so will be controlled by probe and flow generated dimensions and

boundary conditions.
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STEADY STATE DIFFUSION THROUGH A BOUNDARY LAYER

The model chosen is normally used to represent diffusion through a tube
from which particles are carried away (gA = 0) at one end (z = 22) by a gas
flow perpendicular to the direction of diffusion. Such a model can be used
to represent the diffusion of outgassed vapor in a case with flow impinge-
ment, if an appropriate length scale can be selected to represent the distance
from the boundary within which the flow will not disturb the diffusion. Such

a dimension can be defined and related to a boundary laver thickness.

As outlined in the 1iterature19 the diffusive flux of A particles

through medium B can be expressed by

dX C
O M W
A 1 - XA dz ’ A c’ A MWA

with the boundary conditions

N = N, (Bmmeley L, - -0
outgas 1
cm —-sec

This equation can be integrated to predict the concentration ratio at the

surface as

_I . 1
X, =1-e (Npo/Dag * Clzp
(o]

Determination of outgas species distribution in the case with flow
impingement presents a complex problem. The velocity flow field can be
separated into two regions: (1) an inviscid (external) flow region and

(2) flow within a viscous boundary layer. The thickness of the boundarv




laver presents a natural length with which to scale the flow probiee,

. e 19 .

Specifically, with laminar flow along a flat plate, and the outgas of

species A at the plate with concentration C, , the A species will diffus.
o

and have non-zero concentration within a diffusion laver of thickness,

approximately specified as

& . D
D 4 -1/3 AB.1/3
A= 2A (5o < oA
Te ahcoence 0of chemical reactions is presumed.  Uvaluat Tng e alioye v
eter for a specific altitnde, AO0 Km) = 1030 g thee oy e oy fae

thickness provides a reasonable representation of the recion w. b %0 wi o7
outgassed molecules will he distributed along a ‘“lat plate. While
stagnation region of a flow normal to a flat plate is of sowme interest here,
these results for flow along a flat plate also provide a relevan: “ength
scale for stagnation boundarv flow.

Fundamentally, the flow field near the apvroximat:'v plane bhoundary
will alwavs b»e subsonic in nature, since even with sunerson:i: flow, a4 nommal
shock wave will convert the incoming supersonic flow to subernic flow. wit
a density higher than ambient behind the shock. The incomdress!>le stagna-

o 30)
tion region is considered by Schlichting“ where the thicxness of the awi-

symmetric boundary laver is given as

6 = 2.8 AJ2a  where a = du/dr , v = /e

For a flat-nosed, right-circular cylinder

a = — with U free stream velocityv and

D = diameter of cylinder

30




100 m/sec, D = 0.1 m,

and directlyv, with U

5(50 km) = 0.65 cm
5(70 km) = 2.0 c¢cm
4$(90 km) = 11.0 cm

With an appeal to the "similarity” of flow within the boundarv lavers

of tarngent and normal flat plate flows, the approximation that i comoens s

tion of aatgac melecules will he effectively zera gt the avter ode, 6 e,
diffusive and viscous houndary laver thicrness can P mado, an’ an order
magnitude ‘or the surface concentration of ths cntpas crecles rcan by arr o
at. Presuming steadv state diffusion with no mass buila-un throueh a

houndarv laver thickness, the relarionship for concenrtrarinn of onteae <oee oo

at the surface is:

C . . .
_29 =1 - e—{NAO/CDAB‘ D
C
. . -8 2 noaa—3 .
Wita Ny = 1.7 x 10 go-moles/cm -sec, § = ¢ _, then Ca JC & 10 7. Ar 50 um,
Ao D 0

the indicated density of water vapor at the surface is ny,o = 2 Xlol:/CWB.
one to two orders of magnitude higher than the water vapor densitv in the
ambient, undisturbed atmosphere.

Based on the ahove calculations, consideration will now e given <o the

influence of outgas water vapor on electron densitv diagnostics wi+h the

impedance probe.

INFLUENCE OF OUTGAS SPECIES ON THE REDUCTION OF ELECTRON
DENSITIES FROM IMPEDANCE PROBE MEASUREMENTS

The use of RF probing techniques for the determination of electron

densities has been accepted over a period of years.7 One early work
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satisfactorily compared the general performance behavior of three different

techniques: (1) the standing wave impedance probe or impedance probe;

(2) the plasma frequency probe or plasma probe: and (3) a resonance

rectification probe. The analysis of the interactions occurring with each

of these types of diagnostics was reviewed in some detail by Despain.23 An

attempt at quantitative comparison of n, from impedance probes and the other

: v 24, . s

dingneetics was renorted by Plwick in relation to data gathered curing

a solar particle event (PCA 69). However, these n, indications were not

absolute and the altitudes of best accuracy were from 80 km te 125 «m. An

attempt at intercomparison of an RF probe, the plasma frequency tyre, with
: . . .25

a DC Langmuir probe was carried out by Kotadia and Kist who reported

reasonable agreement of measurcments taken from 95 to 150 km.

Basic analyses of RF interactions with plasmas have been presented by
a.number of authors, and in some cases experiments have been reportec.
Specifically, Balmain26 presented a basic theory and some confirming
laboratory experiments with a cylindrical antenna. Sheath effects and
cellisjionswere more accurately modeled in a later work,27 but in general,
most interest was focusedtoward plasma frequency diagnostics. A spherical
impedance probe was evaluated in a laboratory experiment by Tarstrup and
Heikkila,28 who examined fluid effects and effects of electron-neutral colli-
sion frequency. Again, conditions near plasma frequency were most important.
A later work29 examined transient sheath effects. A reasonably comprehen-
sive analysis of the impedance of a spherical probe in a warm plasma, with
collision effects, was presented by As0.30 1In almost all of the works

noted above, the emphasis was directed toward exploring behavior near

nlasma frequency.

et e s s ek




A somewhat different emphasis is involved in the impedance prohe aprlica
tion as outlined by Despain.23 The impedance probe technique generallvy
functions with w, the operating or driving frequency, being lower than tha-
plasma frequency. The impedance probe is used to determine values of
electron density, electron temperature, and collision frequency from tn
difference between values of the impedance in plasma and in vacuum.

Computer developed solutions for resistance and reactance tynical’s g
been generated and graphed as a function of plasma frequency and temir o
for different values of collision frequency. It will he noted that to
primary effect of electron collisions in the appreximate calculation osro-

.23
cedures developed by Despain is to increase the antenna resistance.

The data gathered by the impedance probe allows the determination of

the difference of the antenna impedance from free space impedance. or

AZ = AR - i BX
where R is the resistance and X is the reactance commonen? cf the cmnedar

» Based on analysis of an equivalent circuit for the nrobe, the fellowinge

equations have been developed

AR = X2 !

_ 2
w Co (1 - X"+ 2

LR

e

< X(1 - X)
W Co[(l - )'()2 + 22]

where X = wzp/w2 , wi = (ne e2/me eo) , Z=v/wwhere \ is electror
collision frequency, C0 = C1 + C2 where Co is the shunt capacitance of *+heo
33
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antennag meunt and 3 1s the frec space capacitance of the antenna. i
stratehttorward fashion,
I - ¢ .
LSRN w € [AX + (LR)7/0X]
X = - P 9 _ T R S
r 2 - 2,.,=
o ow L+ w C [AX + (AR 70X
o = -
. . .‘.R/.‘.f -
S 4 AT 4 (AR T
0 .
Ty Syt TG ey cre T o T v Toper o : e
n ;101: . FRa TR v ',\! At oW {'- - -"lf\k. Ii'< . 1ece ¢ . I3 -
t
model of rhe deposcherc. That st reees . co TR .
material will Yave no efferr on n  or [SaEELRERECAS AV CEN TS S T = RN .
-
the only accurate test of thic mertiod worn'd nvalue thy ¢ re . ¢
and . so determined woth Indenendent, gqecorate no Ane L vl oae e
.
compar ison of asing this technicne tg nE* 2nown To e ALt os e
cofnt can o he maee that, in genera., n values derived fror e resand
IS

are higher than those from other diagnostics. The nltimate test ¢ oo

method, intercomparison, does seem to implv a difficulty with the "wchnione.

Differences between n  upleg ard downleg have heer ra':ronalized "nothe gt
e

as heing due to ontgas,Q and se it is natural to examine the oo o707

inflagence nf outgas effects.

First, the functional forms for AR (resistance) and "X ‘reacto- e

demonstrate opposing effects due te collision. Consider the detesminas o

inclusion of

of X from AR, Co, Z or AX, Co. Z. For a given value of
outgas enhanced collision effects would indicate a larger ng than withou?
collision effects. For a given value of AR, however, inclusion of outgas

enhanced collision effects would indicate a smaller ne than without collision
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ef fects, Recall, however, that the scheme for computation of n, does not
directly include a collisional model. Without a new fundamental development
of impedance relationships, it is not clear whether the approximate method
of n, determination outlined by Despain is internally self consistent with
respect to collision frequency. Rather than to judge the accuracy of that
technique with respect to collision frequency effects on n, determination,
vresent efforts will concentrate on defining physical behavior of the probe
and then indicating how collision effects could influence the determination
of n, - cain, collision effects produce a “ominant effect on the real
component of impedance, the resistance. This is consistent with phvsical
understanding of the effects of electron collisions, i.e., there is a direct
reduction of effective conductivity of a medium with increased ., and so a
dire -t reduction of signal amplitude. Changes in phase are directlv relatdd
to reactance changes, and such measurements can be more trouhlesome to
interpret. Specifically, if one takes the formula for X a< a functior of

SR and Ag, there would be no effect on n, due to outgas. If one would takc

the formula for Ag = f(i, Z), again, there is little effect on n, determina-

tion due te Z. However, if one would take the formula fer MK = €%, 7Y 4nd
use it to determine no there would be definite changes in irdicaced n cru
o the oresence of cutgas material, Some detaile will now ~e oot Toined,

The effects of outgas will manifest themselves direct!v in the collisiong

frequency, which can be written




where Qei is the collision cross section. For the altitudes of interest,

'

the gases are primarily N2’ S0 we can write

(o -1y _ 8y1/2KTey1/2
Vegisee )= (TN L NI+ ol o)
e 2 2
- - - 2
Typical values31 are Q Y 4 x 10 16 cm2 and Q * 10 13 cm and the
eNZ eH, 0

Yasis for anv sensitivitv to outgas can be seen te reside “n the collisior
. ek i 3. . . . 4
cross wect’en which Is a factor of 10 higher chan that fer N0 In order

to gaupe ¢ffects of outgas in this fashicn, the caliculation: neted ahove

will be used: a constant value of 7 2 !4 07/'N "= (004 w1 e geed Tor

all altitudes. In order to estimate the electron density in the undisturked
medium (without outgas or shock compression), scveral et must he taken.
Values of electron density that have been provided were deduced by straight-
forward application of X = f (AR, &g). However, «ince the rocrket g flving
supersonically, correction will first be made to these values of n te
Account Tor heth sheck compression and electron attachment effects fac was
dorne for the supersonic Langmuir tip probe) to attemrt to recover undisturhod
electron density. These will be presented in graphical form to indicate the
magnitude of corrections. A second procedure to account for outgas effects
will then be carried out. It initiates by computing AR from Y. The

¢«ffocts of outgas are included bv incorporating Z into +he x = (AR, 7)
formula te get a new (reduced) n, value. Finally, as above, the effects of
shock compression and electron attachment are also accounted for to recover
undisturbed ng» in this second case with corrections for outgas and shock
effects.

As a sample calculation, and it must be emphasized that data from a

single dav is limited in usefulness, one dav on which comparisons of n cculd
e
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be made from a number of diagnostics will be considered. Data were

recorded for intercomparison purposes by a number of diagnostics on a day
preceding the eclipse,but part of the 1979 Canada-US Solar

Eclipse Program. Specifically, data were recorded by a blunt probe flown by
Mitchell (UTEP), supersonic Langmuir tip probe data and impedance probe data
was recorded by E. Pound (USU), partial reflection data were recorded by

R, 0. Olsen (WSMR) and reduced by D. Mott (NMSU). The presentation of

calculated electron densities from this preliminary data is first made in
Figure 9. The blunt probe, tip probe, and partial indications of N, have heen
made based on the methods noted above. The Langmuir tip probe data was cor-
rected for shock wave and attachment effects with an x15 attachment enhance-
ment factor. The impedance probe data (ascent and descent) is presented first
without any adjustment; second, with ad justment for shock wave compression and
attactment effects; third for outgas adjustment with f = 0,004 added to the
shock and attachment effects.

The presentations of calculated electron densities including all the
effects and techniques noted above are given in Figure 10. For this partic-
ular day, generally, there does appear to be reasonable agreement hetween

supersonic nose-tip Langmuir probe indications of n_, and those from the impecd-

e
ance probe. Both these diagnostics which were on the same vehicle do differ
above 65 km from the ng, values deduced from blunt probe data and partial

reflection data. It is noted above that blunt probe analysis above 65 km is

questionable and could give n, values that are up to an order of magnitude low

e
at 75 km. Also, the inversion of the partial reflection profile above 65 km
is a typical output when the technique ceases to provide accurate n, values.

However, these were very active days and, as n_ point, the interval of time

e

37

PRI




c(Advuiwl aad) axen pdy ‘6/61 ‘p2 Auenugay
404 SUOLIBLUBA A}1SUap UCURDS | JO SUOLZENDLD pojLeyap JO suustaedwoy g aunbiLy

(01 0 (Ol 201 01 o0 01
T e e e T
LSIAV 4AVM MDOHS
(¢l x8) — A
LSAFAV "HOVLLY "4 —~ R -
( 1S ‘ANN0d) d40ud
d1L DINOSHEdNS \T X
LSO SS01 °N : o —
/ AN
( 100" =] ) N
LSOALAV TVIIdAL SVHLNO
LSArav d3Avm MJOOHS / _
(280 ‘ANNOd ) A40¥d /[ RS A T LOK % NS
HONVAAAIWI DINOSHHAIAS @ UNSM "LLOK ¥ NUS'10)
LS 0011
INEDSHGA P A CNOLLOWTAAY "IVILAVA —
LSy ¢col *°N  LNJISVY© . )
g s (dALN “FIAHDLIW 4408d
- INATE DINOSENS
—— LSD OLTT N A ]
(o]

0¢:

113

0¢

09

0L

08

06

(uy) FANLILTV

38




Entad T P TN

TuXET pay

‘6161 ‘$2 A4ONUQd{ 404 SUOLIPLUPA ALLSUIP ULOUIIS [ PIIe N (PD Jo uosidaeduwoy < s4nbiy

01
T

(1S 'AN10D d490dd

(1S
JINVAU]

LS) €¢o1'"N LNADSY o

gy i o bl

dIL DINOSYHJAS

LSD ¢¢01 "\ O

‘AN10dD J44903d
NI DINOSHAL NS

e mhan v AR it ha § ha e Tale

s

01
I

G

{01 o
E—

( YWSM "LLORK »® NIS10)

%

LS 0011
‘NOLLY'T'I4dY "IVILYVd X

(ddLA * TIAHILIW) d403¥d

INYI4 DINOSE]S
ACRE IS B NN

0¢

oy

0¢

09

0L

08

06

(wy) ANLILTY




between the blunt probe data shot (1130 CST) and the second shot with the
impedance and tip probe (1055 CST) could be responsible for the differences

that are evident.

|
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